Vermicular graphite percent is an important index of evaluating the vermiculation of graphite in cast iron. Quantitative metallographic method is commonly used to test the vermicular graphite percent, but it can only detect certain parts of the cast iron specimen. Therefore, an ultrasonic system was designed to detect the degree of the vermiculation in cast iron according to the relationship between the ultrasonic propagation velocity and the vermicular graphite percent, and it is composed of the sink lled with ultrasonic coupling agent, ultrasonic emitting probe, ultrasonic receiving probe, high-frequency signal generator, ultrasonic signal acquisition unit and computer. Without measuring the length of the cast iron specimen, the propagation velocity can be calculated by three different kinds of propagation time. A speci c relation between the vermicular graphite percent η and the propagation velocity ν was got by experiments. When the propagation velocity is below 5700 m s , they have a linear relationship, namely η = −v/1.53 + 5800/1.53. The comparative experiments showed that the coef cient of variation and the error were below 0.3% and 4%, respectively, which indicated the repeatability and accuracy of the system are very good.
Introduction
The tensile strength of vermicular graphite cast iron is between the grey cast iron and nodular graphite cast iron, and its uidity, feeding capacity and thermal fatigue resistance is better than that of nodular graphite cast iron. 1, 2) In recent years, it has been widely used in the parts of automotive industry.
Vermicular graphite percent is not only the key index of determining the vermiculation of graphite in cast iron, but also is the important indicator of evaluating the quality and the technology level of vermicular graphite cast iron.
3) During the production process, in order to avoid a mass of ake graphite or spheroidal graphite arising from the inappropriate modi cation, there is a need to rapidly and accurately detect the vermicular graphite percent, and thus to adjust the quantity of the vermicular agent on time.
Quantitative metallographic method is the most commonly used to detect the vermicular graphite percent, but its detection speed is very slow, and what is the important is that it can only detect certain part of the cast iron specimen, which will not re ect the whole degree of the vermiculation of graphite in the specimen. 4, 5) The previous researches had showed that there is a certain relationship between the ultrasonic velocity and the vermicular graphite percent in cast iron. 6) So, if a speci c relationship between them was got, the vermicular graphite percent could be gured out by the ultrasonic velocity. However, most of the ultrasonic probes must be directly contacted with the detected specimen, and only when the distance of the ultrasonic propagation directing to the specimen was accurately measured, the ultrasonic velocity could be calculated. [7] [8] [9] In fact, the length of the detected specimen is often different, which will bring some dif culties to detect the vermicular graphite percent.
In order to solve the above problem, a system was designed to detect the vermicular graphite percent according to the ultrasonic longitudinal wave, and a speci c relationship between the ultrasonic velocity and the vermicular graphite percent in cast iron was achieved by experiments. This system mainly includes the sink lled with ultrasonic coupling agent, ultrasonic emitting probe, ultrasonic receiving probe, high frequency signal generator, ultrasonic signal acquisition unit, and computer, and the software for the system was written by LabVIEW.
Principle of Detecting Vermicular Graphite Percent Based on Ultrasonic Wave
The ultrasonic wave can spread in the solid media such as the vermicular graphite cast iron. If the solid medium is innite, the propagation velocity of the ultrasonic longitudinal wave can be calculated according to the eq. (1).
10)
where, V l is the propagation velocity of the longitudinal wave, m s −1 , E is Young s elastic modulus, N/m 2 , ρ is the density of the detected specimen, kg/m 3 , and μ the Poisson s ratio. Because the density ρ and Poisson s ratio μ of vermicular graphite cast iron have a small change, they have little in uence on the propagation velocity V l of the longitudinal wave. So, according to the eq. (1), the propagation velocity V l is mainly determined by the Young s elastic modulus E which has direct relation to the graphite shape. 11, 12) As a result, the propagation velocity V l will be decided by the vermicular graphite percent if the carbon equivalent of cast iron is kept in a certain range. Once the vermiculation degree of graphite was too much low or high, the Young s elastic modulus and thus the propagation velocity would be rapidly changed with the number of ake graphite or spheroidal graphite. So, through measuring the propagation velocity of ultrasonic lon-gitudinal wave, the vermicular graphite percent in cast iron can be identi ed.
As shown in Fig. 1 , the emitting and receiving probes are installed at two sides of the sink, respectively.
Before the vermicular graphite cast iron specimen was put into the sink lled with the coupling agent, the propagation time of ultrasonic wave in the coupling agent can be written as the following equation.
where, t 0 is the propagation time in the coupling agent, L 0 is the distance between the emitting probe and the receiving probe, and v 0 is the ultrasonic propagation velocity in the coupling agent. After the specimen was put, the ultrasonic longitudinal wave from the emitting probe will propagate through the coupling agent and the vermicular graphite cast iron sample, and then will be received by the receiving probe, which was called as the rst wave. In addition, the ultrasonic longitudinal wave will be also re ected twice by the specimen, and then arrive at the receiving probe, which was called as the second wave. The propagation time of the rst wave and the second wave can be described as the following equations.
where, L is the length of the detected specimen, v is the ultrasonic propagation velocity in the detected specimen, t 1 and t 2 are the propagation time of the rst wave and the second wave, respectively. According to the eqs. (2) and (3), it can be got:
According to the eqs. (3) and (4), the length of the detected sample L can be written:
According to the eqs. (2), (5) and (6), the ultrasonic propagation velocity v in the detected specimen can be expressed:
Therefore, as long as the propagation time t 0 in the coupling agent, the propagation time of the rst wave and the second wave t 1 and t 2 , and the distance L 0 between the emitting probe and the receiving probe were measured, the ultrasonic propagation velocity v in the detected specimen could be calculated according to the eq. (7). Here the distance L 0 can be kept invariable and be accurately measured in advance. Then, the vermicular graphite percent η could be achieved according to certain speci c relation established by experiments.
Ultrasonic Wave System for Fast Detecting Vermicular Graphite Percent
According to the above principle, an ultrasonic wave system was constructed to fast detect the vermicular graphite percent in cast iron. As shown in Fig. 2 , the system is mainly composed of the sink, ultrasonic emitting probe, ultrasonic receiving probe, high-frequency signal generator, ultrasonic signal acquisition unit, coupling agent, temperature controller and computer. The emitting and receiving probes were coaxially installed on the opposite sides of the sink, and the distance is 300 mm. FLUKE294 was used to be high-frequency signal generator and can generate arbitrary wave with the frequency of 0.1 Hz~40 MHz. The sine signal generated by FLUKE294 was applied on the ultrasonic emitting probe, and an ultrasonic longitudinal wave with frequency of 5 MHz will generate due to the piezoelectric effect, and will propagate through the coupling agent and cast iron specimen. Digital oscilloscope DPO4054 with the sampling rate of 2.5 GS/s was used to be the ultrasonic signal acquisition unit, which can meet the requirement of continuous real-time acquisition of ultrasonic signal. The accuracy of the temperature controller is ±0.5 C and the coupling agent is pure water.
The software was written by LabVIEW. On the one hand, it can launch the FLUKE294 and thus generate the sine signal to stimulate the ultrasonic longitudinal wave. On the other hand, it can automatically calculate the propagation time t 0 , t 1 , t 2 and the propagation velocity v, and then the vermicular graphite percent according to a speci c relation.
The working process is as follows. (1) The heating body was launched, and the temperature of the sink was kept at 25 C ± 0.5 C by the temperature sensor and controller. (2) Under the control of computer, FLUKE294 generated a high-frequency sine wave as the driving signal of the ultrasonic emitting probe. (3) On the one hand, the DPO4054 acqured the driving signal and transmitted it to computer, which is considered as the initial reference signal. On the other hand, the ultrasonic longitudinal wave was simulated by the emitting probe, and propagated through the pure water. (4) The ultrasonic longitudinal wave was accepted and transformed into a voltage signal by the receiving probe. The propagation time t 0 in the pure water will be calculated by computer according to this voltage signal and the initial reference signal. (5) After the detected specimen was put into the sink, the ultrasonic longitudinal wave was simulated again, and the initial reference signal, the rst wave signal and the second wave signal were saved by computer, respectively. (6) The propagation time t 1 and t 2 were calculated according to these three signals, and then the propagation velocity v in the specimen was calculated according to the eq. (7), and in the end the vermicular graphite percent was given.
Experiment and Analysis

Speci c relation between vermicular graphite percent and propagation velocity
Medium frequency induction furnace was used to smelt the cast iron. At 1420 C-1450 C, the molten cast iron was modied by using different amount of rare earth magnesium titanium alloys, and was poured into the coarse samples at 15 minutes after modi cation treatment. The nominal chemical compositions of the molten cast iron were as follows: w(C): 3.6%-3.9%, w(Si): 2.2%-2.5%, w(Mn) ≤ 0.5%, w(P) ≤ 0.06% and w(S) ≤ 0.02%. For one thing, the metallographic specimen was got from the coarse sample, and the vermicular graphite percent was measured by the quantitative metallographic analysis software of Olympus-GX51 microscope. For another, the coarse samples were machined into the detected specimens with the diameter of 40 mm and 50 mm and the length of 40-60 mm. The propagation velocity of ultrasonic longitudinal wave in each detected specimen was measured ve times, and the mean value was taken as the available result. The comparative measuring results were showed Table 1 . The coef cient of variation in mathematical statistics was introduced to evaluate the repeatability of the ultrasonic wave testing system, and it was calculated according to the eq. (8).
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where, C.V is the coef cient of variation, σ is the standard deviation, x is mean value,
x i /n, x i is the measuring result at the time i, and n is the times of the measurement. The calculated results according to equation (8) were also shown in Table 1 . It can be seen the coef cient of variation is below 0.3%, which indicates the repeatability of the system is very good. Figure 3 showed the relation between the vermicular graphite percent of cast iron and the propagation velocity of ultrasonic longitudinal wave.
As shown in Fig. 3 , when the vermicular graphite rate is below 66%, there is a linear relationship between them. Once the vermicular graphite percent is more than 66%, it is an approximate exponential relationship. Therefore, a speci c relation between them can be got by the curve tting, namely:
where, η is the vermicular graphite percent in cast iron, %, v is the ultrasonic longitudinal propagation velocity in cast iron, m s −1 . So, as long as the propagation velocity v was measured by this system, the vermiculation graphite percent η could be calculated according to the eq. (9).
Experimental veri cation
The specimens with different vermicular graphite percent were used to verify the accuracy of the system. The vermicular graphite percent was measured by the system and quantitative metallographic method, respectively, and the results were shown in Table 2 . Figure 4 is the comparison between the vermicular graphite percent and the ultrasonic longitudinal propagation velocity of typical detected specimens. Table 2 indicated the error is below 4%, that is to say, the accuracy of detecting the vermicular graphite percent by the system is above 96%.
The error can be attributed to two aspects. One is due to the difference between the regional detection of quantitative metallographic and the global measurement of the ultrasonic system. Another is owing to the accuracy of calculating the propagation time and the model precision of calculating the vermicular graphite percent according to the eq. (9) .
When the model of calculating the vermicular graphite percent was found out, the number of experimental specimens was very few (only 30 specimens), and thus the error of the tting eq. (9) will be a little large. But the error will gradually decrease with the increase of the number of the specimens. In Fig. 3 Relation between vermicular graphite rate and propagation velocity. addition, besides the vermicular graphite percent, the ultrasonic propagation velocity in the specimen was also affected by the graphite shape, matrix microstructure, impurities and defects, which will lead to the error. More importantly, the propagation velocity was calculated by the eq. (7) according to three propagation time t 0 , t 1 and t 2 where the order of magnitude is microsecond. So, a small uctuation of the propagation time will cause a large change of the propagation velocity, and thus affect the calculation result of the vermicular graphite percent.
Conclusions
(1) An ultrasonic longitudinal wave system was constructed to fast detect the vermicular graphite percent in cast iron. It is mainly composed of the sink, ultrasonic emitting probe, ultrasonic receiving probe, high-frequency signal generator (FLUKE294), ultrasonic signal acquisition unit (DPO4054), coupling agent, temperature controller and computer.
(2) A speci c relation was got by experiments. When the propagation velocity is more than 5700 m s , it is approximately exponential, namely η = 0.6·exp(26800/ν).
(3) The coef cient of variation for the propagation velocity in the system is below 0.3%, which indicates the repeatability of the system is very good. The error of comparative experiments between the system and the quantitative metallographic method is below 4%, which proves the accuracy of the system is more than 96%.
